Background Limited prospective data are available on the long-term safety of darbepoetin alfa (DA) for treating anemia in children with chronic kidney disease (CKD). Methods In this prospective, phase IV, observational registry study, children ≤16 years of age with CKD anemia and receiving DA were observed for ≤2 years. Adverse events (AEs), DA dosing, hemoglobin (Hb) concentrations, and transfusions were recorded. Results A total of 319 patients were included in the analysis (mean age, 9.1 years), 158 (49.5 %) of whom were on dialysis at study entry. Of 434 serious AEs reported in 162 children, the most common were peritonitis (10.0 %), gastroenteritis (6.0 %), and hypertension (4.1 %). Six patients (1.9 %) died (unrelated to DA). Four patients (1.3 %) experienced six serious adverse drug reactions. The geometric mean DA dose range was 1.4-2.0 μg/kg/month. Mean baseline Hb concentration was 11.1 g/dl; mean values for children receiving and not receiving dialysis at baseline ranged between 10.9 and 11.5 g/dl and 11.2-11.7 g/dl, respectively. Overall, 48 patients (15.0 %) received ≥1 transfusion. Conclusions No new safety signals for DA were identified in children receiving DA for CKD anemia for ≤2 years. Based on Hb concentrations and transfusion requirements, DA was effective at managing anemia in these patients.
Introduction
Although the prevalence of chronic kidney disease (CKD) in children is much lower than in adults, the condition is associated with substantial mortality and morbidity in the pediatric population. Despite evidence of improved long-term survival rates, mortality in children and adolescents is 55 times greater in those on renal replacement therapy than in children without end-stage renal disease [1, 2] . Hypertension and anemia are common complications [3] [4] [5] [6] [7] . In a large cohort of North American children aged ≥2 years with CKD and not on dialysis, anemia prevalence increased from 18.5 % in those at stage II to 68 % of those at stage V, and the presence of anemia significantly increased the risk of hospitalization [8] .
Anemia in children with CKD can be corrected with iron supplements and erythropoiesis-stimulating agents (ESAs), although some evidence suggests these treatments may be under-utilized. In CKD patients receiving dialysis, for example, relatively fewer children than adults achieve target hemoglobin (Hb) [9] , and in 1,724 children and adolescents in the North American Pediatric Renal Transplant Cooperative Study database, of whom 31 % had anemia (hematocrit <30 %), only 13 % were receiving erythropoietin [4] .
Currently, darbepoetin alfa (DA) is indicated for the treatment of anemia in adults and children with CKD, whether or not they are receiving dialysis [10] . DA is administered either subcutaneously (s.c.) or intravenously (i.v.) with the aim of increasing Hb to a value between 10 and 12 g/dl, or between 9.5 and 11.5 g/dl if<2 years of age [11] . Dosing recommendations for children aged ≥11 years are very similar to those for adults, but recommendations for children aged <11 years are not yet available. In an open-label study of children aged 1-18 years with an estimated glomerular filtration rate (eGFR) of <30 ml/min × 1.73 m 2 , DA was found to be non-inferior to recombinant human erythropoietin (rHuEpo) for treating anemia [12] , but the follow-up in this and other studies that evaluated the use of DA in children aged <11 years [13] [14] [15] [16] was limited to 28 weeks.
Here, we present the final results of a prospective observational registry study that aimed to evaluate the safety of DA in anemic children with CKD over a longer period (2 years), and to investigate dosage patterns and Hb concentrations over time.
Methods

Study design and patient selection
This prospective phase IV observational registry study (NCT00838097) enrolled patients from 37 pediatric nephrology centers in 13 European countries from February 2008 to February 2011. The centers all had experience in treating pediatric CKD patients with DA in routine clinical practice.
To be eligible for inclusion, children and adolescents aged 0-16 years with anemia attributed to CKD had to either be receiving dialysis or have an eGFR of <60 ml/min × 1.73 m 2 for at least 3 months, and be receiving DA at the time of study enrollment. Patients were excluded if they had active malignancy or were receiving chemotherapy or radiotherapy.
Patients were followed up for a maximum of 2 years, or until the time of study withdrawal if this occurred earlier. Protocol-specified reasons for premature study withdrawal included permanent cessation of DA treatment, renal transplantation, enrollment into an interventional study, or withdrawal of informed consent. Reasons for withdrawal and for stopping DA treatment were recorded.
In accordance with the observational design, the DA treatment regimen was not pre-specified and treating physicians could alter treatment dosage or temporarily suspend treatment at any time.
Data collection
Baseline data collected for each patient, if available, included demographic and clinical characteristics, medical history (including history and cause of CKD and time of diagnosis, transplant and dialysis history, co-morbidities, red blood cell [RBC] transfusions in the previous year and history of ESA use), dosing information for DA (date of first use, dose, frequency, and administration route), and Hb concentration levels at entry and during the 3 previous months. At 3-monthly intervals thereafter, the key parameters recorded were DA dosing information, Hb concentrations, information on dialysis if started since the previous assessment, renal transplants and RBC transfusions received, details of iron supplementation, and hospitalizations. All data available from each patient's medical record were abstracted to electronic case report forms (eCRFs).
All adverse events (AEs) were recorded in the eCRF from the time of informed consent to the end of the study period. The three co-primary endpoints were the incidences of serious AEs (SAEs), serious adverse drug reactions (SADRs; i.e., SAEs considered by the treating physician to be associated with exposure to DA), and the following protocol-specified events of medical interest (EMIs): thromboembolic events, seizures, severe hypertension, cardiovascular events (e.g., arrhythmia and heart failure), pure red cell aplasia, and hypersensitivity reactions. For severe hypertension, no threshold blood pressure (BP) value was pre-defined; these events were reported at the discretion of the treating physician. The relationship of any AE to DA treatment was also assessed by the treating physician. Secondary endpoints were the incidence of non-SADRs, and the DA dose and Hb concentrations over time.
Statistical analyses
No formal hypotheses were tested. Patient disposition, demographic and clinical characteristics, medical history, and previous ESA therapy were summarized descriptively. For the analysis of SAEs, SADRs, and EMIs, exposureadjusted incidence rates and incidence rates based on life-table methodology were summarized together with 95 % confidence intervals (CIs), and the number of patients affected were summarized by preferred term and system organ class. The population used for all analyses was the full analysis set (FAS), i.e., all patients who received at least one dose of DA. Analyses were also done for four age subgroups (<1 year, 1-5 years, 6-11 years, and ≥12 years) and two dialysis subgroups (on dialysis at baseline or not). Non-SADRs were summarized by preferred term and system organ class.
The actual and weight-adjusted doses of DA were summarized monthly using descriptive statistics, as well as the cumulative DA dose over the duration of the study. Changes in DA dose (actual and weight-adjusted) from baseline were also summarized descriptively. Hb concentration was summarized at baseline and at 3-monthly periods. RBC transfusions were summarized by tabulating the incidence of transfusions as well as the number of transfusions received per patient over the study duration. Information on body weight, BP, and other laboratory test data were also collected (data not shown).
Results
Patients and treatment
Of the 321 patients who entered the study, 145 (45.2 %) patients completed the study, and 176 (54.8 %) withdrew early, most commonly because of renal transplantation (121 [37.7 %] patients). Twenty patients (6.2 %) stopped DA treatment permanently, 11 (3.4 %) were lost to follow-up, and six patients (1.9 %) died. The reasons for study withdrawal in the other 16 patients are shown in Fig. 1 . Two of the 321 patients who entered did not receive DA; the remaining 319 were included in the FAS. The median duration of follow-up (from first dose to the end of the study) was 88 weeks (range, 1-117 weeks); the median duration of treatment (from the first to the last dose of DA) was the same. A marked difference was seen in follow-up duration between those on dialysis at baseline and those who were not (medians of 57 and 102 weeks, respectively).
The mean age of patients in the FAS was 9.1 (standard deviation [SD], 5.0) years: the largest age subgroup was children aged ≥12 years (n=133) and the smallest was infants aged <1 year (n=13) ( Table 1 ). The majority of patients were male (55.5 %). Of the specified primary causes of CKD, the most common were glomerulopathies (24.8 %), renal hypoplasia/ dysplasia (23.2 %), obstructive nephropathy (11.6 %), and polycystic kidney disease (7.8 %) ( Table 1 ). The distribution of etiologies varied very little by age subgroup.
Hypertension was the most common co-morbidity in the FAS, experienced currently or previously by 155 (48.6 %) patients, 137 of whom were receiving antihypertensive treatment at baseline. Other co-morbidities were less common, mostly affecting <10 % of patients (except for neurological conditions: 55 [17. 2 %] patients).
At baseline, the mean Hb concentration for all patients with available data (n=308) was 11.1 (SD, 1.6) g/dl: the mean value was lower in children aged <1 year (10.6 g/dl) than in the other three age subgroups (11.0-11.2 g/dl). Baseline Hb values were within the 10-12 g/dl range in 161 (50.5 %) of the patients; the number of patients with baseline Hb values above 12 g/dl (77; 24.1 %) or below 10 g/dl (70; 21.9 %) were similar. Of 319 patients in the FAS, 158 (49.5 %) were on dialysis at study entry. The proportions on hemodialysis and peritoneal dialysis in the FAS were similar (74 [23.2 %] and 84 [26.3 %], respectively), but varied by age subgroup, with older children generally more likely to be on hemodialysis than younger children (Table 1) . In 158 patients with available data, the median duration of dialysis before study entry was 9.7 months (range, 0-190 months). Sixty-six (20.7 %) patients had previously received a kidney transplant. The mean (SD) eGFR at baseline in the 142 non-dialysis patients was 37 (23) ml/min × 1.73 m 2 . During the 12 months before study entry, 267 patients (83.7 %) had been treated with DA, 98 (30.7 %) had received epoetin-beta, 13 (4.1 %) had received epoetin-alfa, and 16 (5.0 %) were ESA-naive. At study entry, 299 patients The 20 patients who were not receiving DA at enrollment started treatment 2-84 days (median, 9 days) after enrollment; although classed as protocol violators, they were included in all analyses.
Tolerability and safety
Serious adverse events and deaths A total of 162 (50.8 %) patients reported a total of 434 SAEs, equating to an exposureadjusted event rate (EAER) of 101.8 per 100 person-years Tables 2, 3 , and 4. Six patients (1.9 %) had fatal AEs during the study. The fatal AEs in the younger children were gastrointestinal necrosis, pulmonary edema, and severe hypertension leading to cardiac arrest (in patients aged 15, 11, and 6 months, respectively), and in the three older children, the causes of death were congenital mitochondrial cytopathy, pulmonary edema, and sepsis (in patients aged 5, 15, and 7 years old, respectively). No fatal AE was considered to be related to DA administration.
Adverse drug reactions Four patients (1.3 %) experienced six SADRs: arteriovenous fistula thrombosis and embolism (single episode), priapism, thrombocytopenia, hemolysis, hemolytic anemia, and partial blindness. Two patients were in the 6-11 years age group, and two in the ≥12 years group (Table 5) . Injection site pain was reported as a non-SADR by four patients (1.3 %), aged 1, 6, 10, and 12 years old. 7] ). The proportion of children reporting EMIs was higher in the three younger age subgroups (14-15 %) than the oldest group (9 %). CI confidence interval; EAER exposure-adjusted event rate; SAE serious adverse event 
Events of medical interest
A total of 39 patients (12.2 %) reported a total of 82 EMIs in four categories: severe hypertension (34 events in 21 patients), seizures (24 in 14 patients), thromboembolic/cardiovascular events (21 in 12 patients), and hypersensitivity reactions (three in three patients). The EAER per 100 person-years for all EMIs was 19.2 [95 % CI: 15.3-23.9]. The three most commonly reported EMIs were hypertension (15 patients; 4.7 %), convulsions (ten patients; 3.1 %), and hypertensive crisis (five patients; 1.6 %). The EAERs for these three events were 5.9 (95 % CI: 3.8-8.7), 3.8 (2.2-6.1), and 1.4 (0.5-3.1), respectively. One patient had simultaneous convulsions and hypertensive crisis. All other EMIs were reported by either one or two patients (EAERs, 0.2 [0.0-1.3] and 0.5 [0.1-1.
Darbepoetin alfa dose
The overall geometric mean monthly weight-adjusted DA dose was relatively stable over time, ranging from 1.6 to 2.0 μg/kg from baseline to month 12 (n=211-273) and from 1.4 to 1.8 μg/kg in the second 12 months (n=146-206). The mean i.v. dose range was higher than the s.c. dose range, particularly in the first 9 months (Fig. 2a) . Over the full study period, children on dialysis at baseline received higher geometric mean DA doses than those who were not (1.9-2.7 μg/kg and 1.3-1.6 μg/kg, respectively) and were more likely to receive i.v. dosing than those not on dialysis: 58/ 124 (46.7 %) and 16/145 (11.0 %), respectively, at month 6 and 37/90 (41.1 %) and 15/121 (12.4 %), respectively, at month 12.
Over the course of the study, the younger children received higher geometric mean weight-adjusted DA doses (1.7-3.2 μg/kg/month for those aged <1 year; 1.9-2.7 μg/kg/month for those aged 1-5 years) than the older children (1.5-2.0 and 1.2-1.8 μg/kg/month for those aged 6-11 and ≥12 years, respectively), although 95 % CIs for the children aged <1 year (n=13) were very wide (Fig. 2b) .
Throughout the study, the weight-adjusted geometric mean monthly dose was higher in patients receiving dialysis than in patients not on dialysis (Fig. 2c) . In patients who were not on dialysis at each time point, the geometric mean DA dose followed a downward trend throughout the study. In patients on peritoneal dialysis at each time point, the geometric mean monthly DA dose was generally higher in the second year of the study than the first, but in hemodialysis patients, values were generally lower in the later part of the study than in the first 6 months.
Hemoglobin concentrations
In months 1-3, the mean Hb concentration for all patients rose to 11.5 g/dl (from a baseline value of 11.1 g/dl), with little change during the remainder of the study (range from months 4-24=11.3-11.4 g/dl). Mean values for each age subgroup are shown in Fig. 2d . The spread of mean Hb concentrations Table 4 Most common serious adverse events in the full analysis set (those with exposure-adjusted event rates per 100 person-years of >1) broken down for subgroups receiving and not receiving dialysis at baseline (data for one patient with unknown dialysis status at baseline not shown)
Children not on dialysis (n=160)
Children on dialysis (n=158) CI confidence interval; EAER exposure-adjusted event rate; SAE serious adverse event during the study period was similar for patients who were on dialysis at baseline (10.9-11.5 g/dl) and those who were not (11.2-11.7 g/dl).
Red blood cell transfusions
In all, 48 patients (15.0 %) received at least one RBC transfusion during the study period. Transfusions were more common in children aged <1 year and 1-6 years (3/13 [23. The mean pre-transfusion Hb concentration (within the previous 14 days) was 8.9 g/dl, but individual values varied widely (median, 8.4 g/dl; range, 5.7-12.7 g/dl; n=37). The mean pre-transfusion concentration in children aged 6-11 years was lower (8.6 g/dl) than in other children (9.0-9.1 g/ dl). Mean pre-transfusion Hb concentration was also lower in dialysis patients than non-dialysis patients (8.8 g/dl and 9.2 g/ dl), respectively).
Other endpoints
During the study, 218 (68.3 %) patients were hospitalized on at least one occasion, with a median length of stay of 16 days (range, 1-180 days). The proportion of children hospitalized tended to be higher in those aged <1 year and 1-6 years (84.6 and 74.7 %, respectively) than in the older age subgroups (60.0 and 68.4 %, respectively). There was little difference in the hospitalization rate by baseline dialysis status. The most common reasons for hospitalization were AEs (113 patients; 51.8 % of all those hospitalized), Bnormal clinical practice^(75; 34.4 %), and inflammatory conditions (45; 20.6 %).
In all, 229 patients (71.8 %) received supplementary iron during the study (oral, 107; parenteral, 89); the ratio of oral to parenteral iron preparations was similar across all age subgroups. In those on dialysis at baseline, more patients received iron parenterally than orally (n=65 and n=42, respectively), but in those not on dialysis at baseline, the opposite was true (parenteral, n=24; oral, n=65). 
Discussion
To our knowledge, the current observational study is the first to assess safety and tolerability of DA treatment for a period of up to 2 years in anemic children with varying stages of CKD.
At baseline, the sample comprised almost equal numbers of children on dialysis and not on dialysis, with the former group containing similar numbers of hemodialysis and peritoneal dialysis patients. For most patients, the study period did not represent the first 2 years of DA therapy, as most had already received DA in the year before study entry. In addition, the range of DA treatment duration during the study varied, with approximately one-half of the enrolled patients withdrawing from the study before the end of the 2-year follow-up. Approximately 50 % of the children in the study experienced an SAE. This proportion is consistent with a population with deteriorating renal function-approximately two-thirds of the patients required hospitalization on at least one occasion during the study period, and over one-third withdrew after receiving a kidney transplant. It is notable that similar proportions of children have reported SAEs in studies with much shorter follow-up periods. For example, in a 28-week comparison of DA and rHuEpo in children aged 1-18 years, 32/81 (40 %) children on DA reported SAEs, most commonly fever, sepsis, and administration site complications or infections [12] , and another 28-week study reported SAEs in 13 (43 %) of 30 children receiving DA [13] . None of the six fatal SAEs reported in the current study was judged by the physician to be causally related to DA treatment.
Six SADRS (i.e., SAEs judged by the treating physician to be associated with exposure to DA), were reported in four children. Although thrombosis and embolism are recognized adverse reactions to DA in adults [10] , the SADRs reported in the other three patients are not. In these three patients, limited information was collected on underlying conditions and concurrent medications. The patient who reported temporary blindness suffered from hemolytic uremic syndrome, which was diagnosed before DA treatment started and was considered by the investigator as the cause of the temporary blindness. This patient was on hemodialysis and had 'chronically elevated blood pressure' (no blood pressure readings were recorded). In the case of the patient with hemolysis, hemolytic anemia, and thrombocytopenia, DA and other unspecified medications were discontinued, and the events did not recur after reintroduction of DA. The patient with priapism had a history of nephrotic syndrome, which is known to be associated with priapism; however, priapism also occurred in one patient in the rHuEpo comparison study [12] , where it was classed as a treatment-related AE. Thus, no new safety signals associated with DA use were identified in this study. The most frequently reported EMIs were hypertension and convulsions (affecting 4.7 and 3.1 % of patients, respectively), both recognized as ADRs in adults with chronic renal failure [10] . Fifteen of the patients with AEs of hypertension or hypertensive crisis had this condition at baseline and were receiving treatment for it.
Although the weight-adjusted dose of DA was generally stable over the 2-year study period, it was slightly but consistently higher in younger than in older children. A possible explanation is that relatively more children aged <6 years were on dialysis at baseline and so required higher doses, which is consistent with the relatively higher requirement for RBC transfusions by the children in this age subgroup compared with children aged 6 years or more. There did not, however, appear to be a difference between age subgroups in the degree of anemia at baseline; the slightly lower mean Hb in children aged <1 year compared with the other children was in line with age-related differences in threshold values for anemia [17] .
After rising slightly during the first 3 months following enrollment, mean Hb concentrations remained stable during the remainder of the study. This stability in mean Hb values was seen in all children aged 1 year or older, but in the 13 infants aged <1 year, mean Hb concentrations were noticeably lower in the first 12 months than in the second 12 months. This might simply reflect the natural increase in Hb over 2 years that would be expected in a child aged <1 year at enrollment [18] . Together with the relatively low proportion of patients requiring RBC transfusion (15 %), these findings suggest that DA was effective in managing anemia in these patients. This result is in line with that of a previous study of DA in 39 children aged 11-18 years in which most patients achieved stable Hb concentrations after 6 months, whether they had switched to DA from rHuEpo or were ESA-naive Table 6 Number of patients receiving red blood cell transfusions by age subgroup in each study period. Some patients were transfused more than once during the study. Values in parentheses are percentages of the number of patients at the start of the respective period [19] , and with the results of two Japanese studies in children aged 1-18 years with CKD who switched from rHuEpo or were ESA-naive [15, 16] .
In conclusion, the findings of the current study in a large and heterogeneous population of children and adolescents with CKD, in which 145 patients completed 2 years' followup, add to our understanding of the safety and tolerability profile of DA in this age group and do not suggest any new safety signals in comparison with experience with DA in adults. The stability of DA dose and Hb concentration observed are notable, although the non-interventional design of the study may limit the extent to which these results can be generalized to routine clinical practice.
